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CRITICAL SPBBDfl AM) FRO? I LB DBAG 07 THB IHBOAED SBOTIOHS 
07 A COHVBHTIONAL PEOPBLLBB 
By Arvo A. Luoma 



SUMHAET ' 



The section critical spoods and profile drags of tho 
shank and hub sections of a 10-foot 3-lnoh diamoter propeller 
(Pittsburgh Screw and Bolt drawing no. 614 Co 16) used on 
a current liquld-cooled-engine pursuit type of airplane were ' 
determined from tests made in the 8— foot high-speed wind 
tunnel. 

A full-seal© wooden propeller "blade was made with 
the twist of the "blade removed so that all sections oper- 
ated Approximately from a common sero-lift position, and 
then was mounted vertically in the wind tunnel, steel end 
supports being used on "both ends of the wooden "blade to 
increase the strength and rigidity of the Bet-up. 

Section critical speeds woro obtained from maximum 
negatlvo pressure measurements. Tho profile drags at five 
sections wore obtained by static— and total— pressure surveys 
of the wakes of those seotions and the use of Jones' equations 
modified to include compressibility, effects. Section normal- 
fcroe coefficients were determined for two blade sections 
from complete pressure-distribution measurements. 

Serious adverse oompressiDllity effects can oe ex- 
pected on 1 -thd shank and hub sections at' speeds of the 
order. of 400 mile's per hour with subsequent detrimental 
effects on propulsive efficiency. Suitable fairings to 
delay the formation of .the compressibility shook on these 
seotions are desirable. 

IHTB0DUCTI03T 



Until recently adverse compressibility effects on 
propeller drag were given consideration only for tip seo- 
tions operating at high tip speeds. Cylinder drag tests 
(reference l) and other unpublished cylinder drag data 
indicate that at speeds of 325 miles per hour and higher 
the compressibility effects on the shank and hub sections 
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of conventional propellers assume sufficient importance 
to justify efforts to improve these sections aero dynami- 
cally. Increasing attention should "be especially focused 
on the shank and hub sections of propellers used on pur- 
suit and interceptor aircraft, particularly those having 
liquid-cooled engines and thin nose forms "because of the 
large amount of the thick and nearly cylindrical sections 
of the propeller that may "be exposed. 

jfrom data obtained in tests made in the propeller- 
research tunnel, vhere "because of the low speedB (110 mph) 
compressibility effects on the shank and the huh sections 
can he neglected, improvement in propulsive efficiency of 
about 4 percent was obtained by the use of shank fairings 
on a conventional propeller'* At speeds where compressi- 
bility effects are pronounced such increases in propulsive 
efficiency can be ezpected to be more marked. 

The purpose of the present investigation was, pri- 
marily, to determine the critical speeds and the profile-* 
drag coefficients of the shank and hub sections of a pro- 
peller (Pittsburgh Screw and Bolt drawing no. 614 Co 15) 
used on a current liquid-cooled-engine pursuit airplane. 



APPAEaTUS AND METHODS 



The tests were made in the 8-foot high-speed wind 
tunnel, which is a single-return, circular-section, 
closed-throat tunnel having an air speed continuously con- 
trollable from about 76 miles per hour to more than 500 
miles per hour. 

A full-scale model of a propeller blade (Pittsburgh 
Screw and Bolt drawing no. 614 Cc 15) of modified Clark 
T section as used on a current liquid-cooled-engine pur- 
suit type of airplane was used in the tests. This model 
was constructed of wood and included the stations from the 
hub (12-inch station) to the 48-inch station. (See fig. 
1.) Station numbers are the distances in inches from the 
center line of the crankshaft to the airfoil section. The 
thin sections beyond the 48-inch station were not included 
because the low strength of the wooden model required a 
special method for supporting the blade in the wind tunnel. 

The twist of the blade was removed so that the sec- 
tions operated approximately from a common sero-llft 
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position.. ..Thp, angles of sero lift for the various sec- 
tion* veto calculated "by thV method giVea* in "tfce appendix 
of "reference 3 and checked "by Hunk's method for determin- 
ing zero-lift angle (reference 3) . DJahle I gives the re- 
lationship between a the angle of attack, and a a the . 
absolute angle of attack (based on calculated zero-lift 
position) . 

A total of 53 static-pressure orifices were located 
at five sections of the model, bo that complete pressure- 
distribution measurements were obtained at the 18- and 
30-inoh stations and peak negative pressures at the 13- , 
24-, and 36-inch stations. The model vas mounted verti- 
cally, in the wind tunnel (fig. 2). and steel end supports 
wero used to prevent excessive deflection*, of the wooden 
blade. Provision way ma*.e for changing the absolute an- 
gle of attack from -1° to 13°. 

Static-pressure measurements wore made at velocities 
from 140 miles per hour to 360 miles per hour and the ab- 
solute angle of attack was varied from -1° to 12°. Simul- 
taneous observations of the pressures acting at the ori- 
fices were obtained by photographing a multiple-tube manom- 
eter in which t etrabromoothane (specific gravity approxi— ^ 
mately 3) was used. 

The profile drags at five sections were obtained by 
the momentum method and the use of Jones 1 equations (ref- ' 
erence 4) modified to Include compressibility effects* 
Several angles of attack were included and velocities f rom ■ 
140 milofl per hour to 360 miles per hour were covered. 
Simultaneous observations of the total-head and static 
pressure di&tribution behind the propeller sections were 
made by photographing a multiple-tube integrating manometer 
in which alcohol was used. 



PRECISION 



The critical speeds of the propeller sections were 
determined from static pressure measurements , and it is 
estimated that the critical Maoh numbers are accurate to. 
within ±0.02. 

The accuracy pf the profile drags for the 24-inoh 
station (0.241 thickness ratio) and the thinner ' sections 
- can be considered equal to that usually obtained by the 



momentum method. Tor the 12-inch station (0.977 thickness 
ratio) and the 18-inch station (0.451 thickness ratio) the 
possible error in drag is probably greater because the 
bluffness and the turbulent nature of the flow in the wake 
of these sections undoubtedly have some effect on the re- 
sults. 

In the derivation of Jones 1 equations for drag deter- 
mination by the momentum method, the flow of air behind a 
body is assumed to be negligibly inclined to- its original 
direction, but, if the body is bluff and the total- and 
8 tat ic-pressure tubes are located close behind the body, 
a source of error may be Introduced since in this case the 
assumption of negligible Inclination of the flow at the 
measuring plane may no longer be valid. On the other 
hand, with a body of varying thickness ratio like the pro- 
peller blade tested, there is probably sufficient mixing 
and cross flow of the air behind the blade to defeat ef- 
forts to measure the profile drag of a particular section 
by locating the pressure tubes any great distance aft of 
this section. In view of these tfacts, the total- and 
static-pressure surveys were made at distances behind the 
trailing edges of the sections as follows: 1.6 chord 
lengths behind the 12-inch station, 0.9 chord length be- 
hind the 18-inch station, 1.5 chord lengths behind the 
24-inch station, and 1.3 chord lengths behind the 30-inch 
and 35-inch stations. 

Systematic errors due to buoyancy and constriction 
effects were negligible. 



RESULTS A3TD DISCUSSION 



The symbols used in this report are defined as fol- 
lows s 

a angle of attack 

a a angle of attack, absolute (measured from calcu- 
lated aero-lift position) 

c a section profile-drag coefficient 
o 

c n section normal-force coefficient 

c 7 section lift coefficient 

7 velocity 
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p static pressure 

p. mass density 

a speed of sound 

q, dynamic pressure (l/3 PoV) 

F pressure ooef £ lclent 

M Mach number (V 0 /a) 

h maximum thickness of airfoil section 

b chord 6f sootion 

p. ooefflolont of viscosity 

H Heynolds number ^afs^ 

z distance along chord from leading edge 



r radial distance from axis of rotation. of propeller 
to at lade sootion 

B radial distance from axis of rotation of propeller 
to. tip of propeller 

n revolutions per qnlt time of propeller 

Y p resultant volooity of propeller Hade sootion 

Subscripts: 

0 valuos In the undisturbed stream 

er values when the local sped! .of sound has been 

reached at some point on -the airfoil section 

The critical Mach numbers of the shank and hub sections 
were determined from the Intersection of. the curves of F_ 

against 11 and the P 6r . curve, as shown in figures 3 
to 7, Where tests wore limited beoauso of high loads, 
the curves of F nax against M were extrapolated through 
higher llach number ranges. The extrapolations are believed 
accurate except possibly at high lift coefficients where 
separation effects may be encountered* The consequent 
orrors in determining U crv however, tend to bo small 
because the variation of the F or ourvo in this Mach 
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number range 1b such that a given change In F produce b a 
relatively email change In M or , (Vote P cc curve In 
figB. 3 to 7. See also equations (6a ) and (6b) of refer- 
ence 5. ) Table II gives estimated and experimental values 
of M cr and shows the good agreement between theory and 
experiment. The estimated values of H cr were obtained 
by Increasing computed maximum negative pressure coefficients 
for incompressible flow or experimentally determined maximum 
neg ative pressure coefficients at low speed by the factor 

1 / ^1 — M e . (See equation (7) of reference 5, ) 

The data of flguros 3 to 7 Illustrate the variation 
of P max v ltb Mach number t and It Is seep that the variation 
at low values of P^ax ls regular though somewhat greater 
than thoory Indicates. Figures 4 to 7 reveal the fact 
that at high values of P max there ls a tendency for P max 
to Increase at low Hach numbers.- The probable reason for 
this Is that the adverse pressure gradlont over the upper 
surface of a section becomes sufficiently bad, owing to 
Induced compressibility effects so that separation occurs 
on this surface. As a consequence, there ls a drop In peak 
negative pressures as the Uach number is Increasod from 
its lowost value to .somewhat hlghor values corresponding 
to tho movement of' the separation point to Its farthest 
forward position. Tho erratic behavior of ♦■■he pressure 
peaks of the 97 . 7— percont— thick IS— inch station as illus- 
trated in figuro 3 can probably bo explainod partly by the 
foregoing reasoning and partly by the fact that the section 
was operating near tho critical Reynolds number. 

Figure 8 gives experimental, and thooretical pressure 
distributions at several lift coefficients for tho 
15.3— per oent- thick 30— Inch station. The closeness of the 
agreement Is indicative} of the accuracy with which M cr 
can be theoretically calculated. 

The variation of ^cr with r.adlus and thlcknoss ratio 
is shown in figures 9 and 10, tue variation with hVb being 
particularly well brought out. . The, curves Illustrate tho 
fact that tho M Qr of the nearly cylindrical hub section 
t* independent of angle of attack and that the critical 
speeds of the : sections become more depondont on angle of 
attack as the thickness ratio decroasos. Tho curves also 
show that at lero lift coefficient and at low lift coef- 
ficients shock occurs first on tio lowor surface of some of 
the sections before It occurs on the upper surface. 
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Curves of U OT against Oa for the W-percent-thlok 
section are shown In figure 11, the data for these curves 
belng^takon from. .tho .curves of_ figure 10. Tor comparison 
purposes M cr values for a id-percent- thick" "Clark 7 section 
as determined from section force tost data (reference 6) 
are Included, as well as theorotlcal values for 10-porcont- 
thick Clark T and Clark III sections (data from reforenco 5). 
As can ho seen, the M CP values for the propeller section 
are uniformly somewhat lower than the reforenco values for 
those angles of attack where comprossiblllty shock first 
appears on the uppor surface of the section. The main 
significance of figure 11, however, Is that, with this type 
of sectlon 0 attempts to relieve tip or It leal— speed diffi- 
culties by decreasing the c, of tho tip sections (wash- 
out of tip) aro limited by the establishment of lower 
surface shock for lift coefficients less than approxi- 
mately 0,2. 

Curves of relative wind velocity V r against radius 
ratio r/R aro shown in figure 12 for assumed airplane 
speeds of 400 miles per hour for maximum speed and 325 miles 
per hour for cruising speed. A oons tant-speed propeller 
of 1600 rpm was used in the calculation of the data for 
those curves. Also Included are tho experimentally 
determined critical epoods of the propeller sections for 
da = 4° and a a = 2° for sea-level conditions. The section 
lift coefficionts of the 12-, 18—, and 30-inch stations 
are indicated on 'those critical-speed curves. On tho curve 
at aa = 2° for r/R values outboard of 0.46, shock occurs 
first on tho lower surface. The additional curves shown 
aro theoretical crit iti<\l-speed curves for Boa— lovol 
conditions, and were determined: (1) from thoorotical 
prossuro distributions made for four sections of the pro- 
peller at lift coefficients of 0.4 and 0.2, and (3) from 
the data. of roferenco 5 for a Clark T section which had 
the same thickness ratio as tho propeller sections lor equal 
valuos of r/H. From figure 12 it is evident that for the 
assumed maximum epoed at sea— level conditions pronounced 
compressibility effects should be expected. At altitude 
these adverse effects are worse, that is, the critical speeds 
of the soctions are lower. It is not to be inferred, however, 
that the general problem Is as serious as indicated here. 
This particular airplane-engine-propeller combination as 
originally built suffered materially because of Improper 
gear ratio. Provision of a lower speed. gear can help 
materially and studies have indicated that clearance from 
adverse compressibility effects may be possible at speeds 
approaching 400 miles per hour. Beyond this speed material 
increases in solidity will likely bo required. 
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- The shank fairing a used in the propeller -re sear oh- tunnel tests* 
whioh resulted in an inorease of propulsive efficiency of k percent . 
at loir speed, were of IjO-peroent thickness ratio at the 12-inoh 
station. A 25*-peroent thick fairing section at the 12-inoh station 
could be expected to account for even greater increases in propulsive 
efficiency, particularly at higher speeds. 

Section normal-force coefficients determined from complete 
pre s sure -distribution data for the 18-inoh station (0*ij51 thiokness 
ratio) and the 3G-inoh station (0.153 thickness ratio) are illustrated 
by figures 13 and ll;. The variation of the slope of the o n curve 
of the 16-inch station with Maoh number -is entirely unlike the 
theoretical variation whereby the slope increases with Maoh number 
for speeds up to the oritioal speed* Owing to tho thiokness of this 
section, marked separation effects are induced as H is increased, 
affecting thereby the forces acting on the section. In figure llj. the 
data for the 30-inoh station indicate some inorease in elone with 
Maoh number. The o n values for the lowest Maoh number are somewhat 
erratic, as are also the values at <ia = 10° and = 12°. From 
an examination of the pressure-distribution plots* the high o n 
value for a a = 0° and V = 0.385 is seen to be due to the influence 
of the pressures an the lower surface of this section. These 
pressures are sufficiently more positive at the lowest Maoh number to 
- counterbalance the inclination of Oq to increase, owing to induced 
compressibility effects at higher Maoh numbers. At high angles there 
is a tendency for the pressures on the upper surface aft of the 
0*65 chord station to become more negative at low Maoh numbers, so 
that as a consequence the o n values tend to be higher at low 
Maoh numbers. 

The profile drag of the shank and hub sections was determined 
from total- and static-pressure surveys of the wakes of the sections , 
due aooount being taken of compressibility effects in the computing 
equations used* Figures 15 and 16 give the profile drag of the 
97»7~peroent thick 12-inoh station. For comparison, the drag of a 
U-inoh diameter cylinder as obtained from unpublished tests made 
in the 8-foot high-speed tunnel is included. From figures 15 and 16 
and the pressure curves of figure 3* It is evident 'that the 12-inoh 
station section was operating near the critioal Reynolds number 
region where the flow, as a result of the building up of turbulenoe 
in the boundary layer, changes from laminar separation ahead of the 
central plane to turbulent separation aft of the oentral plane. This 
change in flow has an appreciable effect an the pressure distribution 
about the section (particularly the maximum negative pressures and 
the pressures eft of the position of the maximum negative pressures) 
and the profile drag of the section. 
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A probable explanation for the "behavior of the pro- 
file drag of the 46. 1-percent thick 18-inch station shown 
in figure 17 for several angles of attack is as follows; 
At the lowest Beynolds number (690 9 000) the flow was lam- 
inar with laminar separation somewhere aft of the maximum 
thickness; with increasing Reynolds number the point of 
separation moved forward with a resulting increase in 
wake width and hence a larger drags and, with further in- 
crease in Beynolds number, transition from laminar "bound- 
ary layer to turbulent boundary layer took place ahead of 
the separation point, with a resulting turbulent separa- 
tion farther aft on the chord than when the separation 
was laminar, and as a consequence a smaller wake width and 
a decrease in drag resulted. Hence, with increase in 
Beynolds number, the Initial increase in drag and then the 
decrease occurs. 

Figure 18 gives the profile drag of the 34.1-percent 
thick 24-inch station for several angles of attack. At 
a a . ■ 0° separation effects similar to those obtained for 
the thicker 18-inch station appear. In this instance the 
disturbances are probably connected with the lower surface 
only. At high angles of attack the marked rise in drag is 
probably due to separation effects induced by compressibil- 
ity; 

The profile drags of the 30-inch and 36-inoh Btations 
are shown in figures 19 and 20 for several different angles 
of attack. The general similarity to section data is to 
be noted, and the order of magnitude is about the same as 
section data for these Beynolds numbers. 



CONCLUSIONS 



The results indicate that serious adverse compress!-' 
billty effects can be expected at speeds of the order of 
400 miles per hour. 

It is evident that suitable fairings for the shank 
and hub sections are a necessity for maximum propulsive 
efficiency. * 
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Good agreement in critical speed "between "basic sec- 
tion data and the values obtained from the sections as 
used in a propeller can "be expected for the inboard sta- 
tions. 



langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Held, 7a. 
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Figure 1.- Blade-form ourie for eteel propeller 

10 feet 3 inches in diameter. 
Pittsburgh Screw and Bolt drawing no. 614Col5. 




STATIC -PRESSURE TU&ES 




FR6NT ELEVATION 

PlGUAE 2.~ PARTIAL CROSS SECTIONS OF 

TUNNEL *HOWtn<$ POMMY 
P*OP£LL£K BLADE A NO METHOD OF SOP0OKT 



Figure 6.- For the 30-inoh station. Figure 7.- For the 36-inoh station. 

Figures 6,7,- Effect of compressibility on the maximum negative pressure coefficient for the 50 and 56-inch stations. 
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Figure 10.- Experimental critical Mach numbers for blade stations 
given in terms of thickness ratio. 
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Figure 11.- Comparison of critical Mach numbers for 10-percent- 
thick sections. 
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Figure 12 Comparison of blade section operating speeds and critical speeds. 

- Curve A, V r against r/R for an assumed maximum airplane speed of 
400 miles per hour and a propeller speed of 1500 rpm. Curve B, V r against r/R 
for an assumed cruising speed of 325 miles per hour and a propeller speed of 
1500. rpm. 
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Figure 13.- 18-inch station. 
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Figure 14.- 30-inch station. 



Figures 13,14.- Section normal-force coefficient characteristics for 
various Mach numbers; 18-inch and 30 -inch stations. 
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figure 15.- Variation of profile drag coefficient 
with Mach number for 12-inch station. 
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Figure 16.- Variation of profile drag coefficient with 
Reynolds number for 12-inch station. 
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Figure 18.- Profile drag of 24-inch station. 
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Figure 19.- Profile drag of 30-inch station. 
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Figur* 30.- Profile drag of 36-inch •tation. 
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